• The oil pollutants of sludge were reduced using low-cost adsorbents • Sawdust was introduced as low cost, flammable and available adsorbent • Process parameters were screened by Plackett-Burman design • Process parameters were optimized by response surface method • Freundlich isotherm provided best fit of the equilibrium data Abstract Disposal of storage tank sludge in oil depots is a major environmental concern due to the high concentration of hydrocarbons involved. This paper investigates the reduction of the sludge oil pollutants with initial oil and grease concentration of about 50 mass% using low cost adsorbents. Among the examined adsorbents, sawdust indicated the maximum removal of oil and grease. The screening and optimizing of process parameters were evaluated employing Plackett--Burman design and response surface method. For the optimized conditions, more than 60 mass% of oil and grease from the sludge was removed. Moreover, it was found that sawdust adsorption of the oil and grease approximately followed the Freundlich isotherm. The results indicated that oil pollutants of sludge could be reduced using sawdust as a low-cost, available and flammable adsorbent so that thus saturated adsorbents could be used as fuel in certain industries.
solid particles and water. The sludge deposited at the bottom of the storage tank reduces the product quality and the tank capacity as well as corrodes the pipes and the tank. Therefore, it has to be removed during tank cleaning operations and sent for further treatment or disposal. The sludge hydrocarbons have to be removed prior to its disposal [2] .
Various methods such as evaporation, dispersion on surface, oxidation, demulsification, adsorption and electrochemical method have been employed to eliminate or separate the oil hydrocarbon from the wastewater and waste oil [3] [4] [5] [6] [7] [8] [9] [10] . Nowadays, membrane processes such as microfiltration, ultrafiltration, nanofiltration and reverse osmosis have also been recommended to remove oil hydrocarbon from water [11] [12] [13] [14] [15] [16] [17] [18] .
A variety of methods have been developed for the treatment of oily sludge, including those designed for recovering and reclaiming valuable fuel from the existing oily sludge; among which solvent extraction, centrifugation treatment, surfactant enhanced oil recovery (EOR), freeze/thaw treatment, sludge pyrolysis, microwave irradiation, electrokinetic method, ultrasonic irradiation and froth flotation are frequently mentioned. A number of technologies are also available for the disposal of oily sludge, including incineration, stabilization/solidification, oxidation, and biodegradation [2, [19] [20] [21] [22] .
The adsorption of oil pollutants is one of the methods used for the treatment of oil wastewaters. Several investigations have focused on the adsorption of oil pollutants from gaseous, liquid and solid wastes employing natural adsorbents due to the suitable adsorption properties [1, [6] [7] [8] [9] [23] [24] [25] [26] [27] . Natural adsorbents used are often mineral adsorbents such as zeolite and bentonite, activated carbon, organic materials like chitosan, cotton fiber and agricultural wastes such as rice and wheat wastes, tea, coffee and coconut hysteresis, peanut wastes, shell and stems of various agricultural products, etc. [1, 9, [24] [25] [26] [27] .
Optimization of process parameters increases the process efficiency and reduces the cost of the process itself [28, 29] . Many variables such as the adsorbent dose and size, the contact time, physical conditions such as temperature, pressure and agitation could affect the adsorption process. To reduce the number of experiments in spite of the large number of variables, the statistical design of the experiments were used in many studies. Applying statistical methods such as Plackett-Burman design (PBD) and response surface methodology (RSM) has gained a lot of impetus in optimizing the process and understanding the interactions among various physicochemical parameters [30] [31] [32] .
Employing natural adsorbents in the removal of oil and organic contaminants from aqueous and gaseous environments has demonstrated remarkable results [1, [6] [7] [8] [9] [23] [24] [25] [26] [27] . In this study, we examined the adsorption of hydrocarbons from the sludge of petroleum product tanks using natural adsorbents such as wheat straw, pine fruit, walnut shell, almond shell and sawdust. After selecting the best natural adsorbent, the effective process variables were identified through Plackett-Burman statistical experimental design. Based on thus obtained data, important factors were optimized using response surface method by Box-Behnken design.
MATERIALS AND METHODS

Materials and apparatus
Sludge samples were obtained from the outdoor pool where the discharged storage tank sludge of the National Iranian Oil Products Distribution Company located in Shahroud was stored. Wheat straw, pine fruit, walnut shell, almond shell and sawdust were used as natural adsorbents. All the chemicals used in this research were of analytical grade.
The magnetic stirrer used for adsorption processes was a MSH-20D Wise Stir model supplied by Daihan Scientific Company. The total petroleum hydrocarbon (TPH) of the sludge was determined using Gas Chromatography and Flame Ionization Detection (HP -Agilent 6890 FID uECD). The pH measurements were carried out using a Metrohm 780 pH meter. A&D HR-200 laboratory balance was used for weighing of materials.
Adsorbent selection
Five natural adsorbents (wheat straw, pine fruit, walnut shell, almond shell and sawdust) were separately crushed and sieved. The adsorption efficiency of each adsorbent was then investigated for 40 g L -1 of adsorbent dose (2 g adsorbent in 50 ml sludge), 2.00-2.36 mm adsorbent size, at 35 °C temperature, 400 rpm agitation and 30 min contact time.
Statistical experimental design
Screening variables. The review of published reports [1, [6] [7] [8] [9] [23] [24] [25] [26] [27] indicated that pH, contact time, amount and size of the adsorbent, initial adsorbate concentration, temperature, agitation and the presence of other adsorbates, could have effect on the adsorption process. In a sludge sample, initial adsorbate concentration and the presence of other adsorbates are constant. Plackett-Burman statistical method was employed in screening six other factors: pH, contact time, the amount and size of adsorbent, temperature and agitation. Table 1 shows the selected levels of variables, determined via preliminary experiments and the limitations of the operation conditions. The experiments were conducted according to the matrix of PBD ( Table 2 ).
Optimization of effective variables: Box-Behnken design was used in optimizing the process parameters that were found to be important for oil and grease adsorption based on the screening results of Plackett-Burman design, while other factors were kept at a constant level of 35 °C temperature, 500 rpm agitation and pH 6.03. The ranges of variables for BBD are presented in Table 1 . Table 3 presents BBD for three variables with coded values. The results of the experimental designs were analyzed and interpreted using Minitab 16 statistical software. Adsorption isotherm
To find a model that represents the adsorption isotherms of oil and grease by sawdust, a determined volume of sludge (c 0 = constant) was kept in contact with different doses of sawdust (10-60 g/L) at 35 °C and 500 rpm until equilibrium concentration. The equilibrium adsorption capacity (q e ) was then determined.
Subsequently, the agreement of the obtained data with the three proposed isotherm models, Linear, Langmuir and Freundlich was studied.
Analysis
The total petroleum hydrocarbon (TPH) of the sludge was determined using Gas Chromatography and Flame Ionization Detection (HP -Agilent 6890 FID uECD) according to EPA8015B standard methods. Oil and grease were also measured according to EPA9071B standard methods.
In adsorbent selection and optimization stages, grease and oil of the sludge were measured by gravimetric method using n-hexane as a solvent; which involved adding the solvent to the sample, stirring on the magnetic stirrer, inertia and phase separation, distilling of the certain volume of solvent phase, weighing residual materials, and calculating the amount of oil and grease in the whole sample. The amount of the solvent used was determined by employing preliminary experiments for extracting the total oil and grease in the sludge before adsorption.
RESULTS AND DISCUSSION
Composition of the preliminary sludge sample
The amount of TPH and oil and grease in the sludge sample was determined according to EPA8015B and EPA9071B, respectively. The results showed that the amount of TPH and oil and grease in the sludge was 13.5 and 59.38 mass%, respectively. The initial oil and grease concentration (56.1 mass%) was also determined using gravimetric methods explained above in the analysis section which corresponded to the amount obtained using EPA9071B. Therefore, the gravimetric method was used for the subsequent experiments.
Adsorbent selection
The removal efficiency of five natural adsorbents, namely sawdust, walnut shell, almond shell, pine fruit and wheat straw was studied under the same conditions. Figure 1 shows the removal efficiency of oil and grease from the sludge by the adsorbents that possess the ability of adsorbtion. Sawdust was selected for further study as its removal efficiency was far greater than the other adsorbents.
Variable screening
Plackett-Burman design is the best design for a rapid screening of numerous variables from a multivariant system. In this design, the interactions could be completely ignored so that the main effects could be calculated through fewer experiments. Six variables (pH, contact time, temperature, agitation, dose and size of the adsorbent) were evaluated using the eight-run PBD. Table 2 displays PBD and the obtained corresponding results, whereas Figure 2 depicts the main effects of the investigated variables and illustrates the fact that adsorbent dosage is the most significant factor with a positive effect on the removal efficiency of oil and grease using sawdust. This means that at higher adsorbent dose removal efficiency was higher. Adsorbent size and contact time are also significant factors with respectively negative and positive effects. Increasing the adsorbent surface and reducing the particle size leads to increase in the adsorption and removal efficiency. Increasing the contact time raises contact probability and increases the adsorption efficiency. However, contact time is effective as long as the adsorbent is not saturated. Therefore, adsorbent dose, particle size and contact time were selected for further optimization studies.
Optimization RSM was employed in investigating the optimum conditions of oil and grease removal and in building models. Based on the screening results obtained via Plackett-Burman design, particles size (d), contact time (t) and adsorbent dose (m) were selected as the independent input variables while the removal efficiency (%) of oil and grease was considered as the dependent output variable. Box-Behnken design was employed to analyze the interactive effect of those parameters and to arrive with an optimal condition. The experimental design protocol (developed by Minitab 16 Software) and the corresponding results are presented in Table 3 . The experimental results of the BBD were fitted with a second order polynomial equation. The values of regression coefficients were calculated and the fitted equation for predicting the removal efficiency (Y) was as follows: The coefficients of the regression model (Eq. (1)) that appear as one constant, three linear, three quadratic and three interaction terms are listed in Table 4 . The significance of each coefficient was determined by p-values. The p-values imply that the first order main effects of all factors and the second order main effects of particle size and adsorbent dosage are significant in terms of removal efficiency. For the interaction terms, contact time -particle size and adsorbent dosage -particle size was found to be the most significant with p < 0.05.
The suitability of fitting with the proposed quadratic models was confirmed by the determination coefficient (R 2 ). In this case, the value of the determination coefficient (R 2 = 0.8679) indicated that 86.79% of the variability in the response could be explained by the model as far as removal efficiency was concerned.
The 2D contour plots are the graphical representations of the regression equation and are plotted in order to understand the response variation that results as variation of the two independent variables while the other independent variable is kept constant. Moreover, the 2D contour plots indicate the interaction among independent variables and locate the optimum level of each variable for maximum response. Figure 3 indicates contour plots for removal efficiency.
As shown in Figure 3 , the variation in each factor changes the removal efficiency. Figure 3a shows that the increase in the contact time and the decrease in particle size increase the removal efficiency. Additionally, for larger particle size, removal efficiency is relatively independent from contact time, whereas for smaller particle sizes, the response depends on the contact time suggesting that there is an interaction between contact time and particle size. Figure 3b demonstrates the variation of removal efficiency with the variation of particle size and adsorbent dosage where the maximum response is obtained at maximum adsorbent dosage and minimum particle size. It also illustrates the direct and reverse relationship of relative adsorbent dosage and relative particle size with removal efficiency. Furthermore, for larger particle sizes and higher adsorbent dosages, removal efficiency is independent of the adsorbent dosage and for smaller particle sizes and lower adsorbent dosages; removal efficiency is independent of the particle size representing the interaction between particle size and adsorbent dosage Figure 3c represents the rise in the removal efficiency with the increase in contact time and adsorbent dosage. The optimum condition for maximum response was obtained using Minitab 16 software. For the studied range of variables, the optimum condition for removal efficiency was d = -1, t = 1 and m = 1 means 0.3-0.6 mm particle size, 50 min of contact time and 60 g/L adsorbent dose. Under those conditions, the removal efficiency predicted by the software was 63.79 mass% and for the experimental study it was actually 61.6±0.1 mass%. This indicates the consistency of the results and confirms the validity of the model.
Adsorption isotherm
To find a model that would indicate the adsorption isotherms of oil and grease by sawdust, experimental data were fitted with three isotherm models including Linear, Langmuir and Freundlich. The model parameters were determined through the linear regression of the experimental data. Higher values of R 2 for Freundlich isotherm revealed that this model best fits the experimental data in comparison with other models.
CONCLUSION
Reducing the oil pollutants in storage tank sludge is necessary prior to its disposal as it would definitely entail the environmental problems. In the present research, low-cost adsorbents such as wheat straw, pine fruit, walnut shell, almond shell and sawdust were used to reduce hydrocarbons in the sludge and among them sawdust was introduced as the best adsorbent. Process parameters were screened and optimized using statistical experimental designs (Plackett-Burman and Box-Behnken design). Screening showed that contact time and adsorbent dose and size were effective variables and finally the optimum amounts of these variables were found to be 0.3-0.6 mm, 50 min and 60 g/L. Under such conditions, more than 60 mass% of the hydrocarbon was adsorbed by sawdust. This study demonstrated that sawdust could be used as a low-cost, widely available and flammable adsorbent for the reduction of oil pollutants from the storage tank sludge.
